Phytopathogenic bacteria are responsible for great losses in economically important crops such as vegetables and fruit (1) . Although a great amount of research has been undertaken to overcome the damage caused by this type of bacteria, a major difficulty encountered is the lack of effective control against some severe diseases (37). Plant protection against these pathogens is mainly based on copper derivatives and antibiotics. However, these compounds are regarded as environmental contaminants, and resistant strains of plant-pathogenic bacteria have been reported in several crops (34, 48) .
In recent years, much attention has been paid to searching for new classes of antibiotics to which bacteria cannot develop resistance. Endogenous antimicrobial peptides have emerged as good candidates (26, 27, 51) . These peptides have been found in a variety of sources, including mammals, amphibians, insects, and plants, and they are known to play important roles in the host defense system and innate immunity (12-14, 21, 22, 43) .
Most antimicrobial peptides are cationic and have the ability to adopt an amphipathic conformation in which positively charged and hydrophobic groups segregate onto opposing faces of an ␣-helix, a ␤-sheet, or other tertiary structures (7, 9, 11, 25, 29, 46, 49, 51) . Natural antimicrobial peptides exhibit a broad spectrum of activity against bacteria, fungi, enveloped viruses, parasites, and tumor cells. They are lytic, have a synergistic activity with conventional antibiotics, neutralize endotoxins, and have very few reported side effects (7, 9, 11, 25, 29, 46, 49) . Their mechanism of action has been studied mainly in bacteria. Amphiphilicity is thought to be a key requisite for these peptides to interact with their primary target, the cell membrane. They do not interact with a specific receptor but, rather, disturb bilayer integrity, either by disruption or pore formation, probably by direct peptide-lipid interactions (7, 9, 11, 25, 29, 46, 49) . This unique mode of action makes the induction of resistance difficult, because it requires dramatic changes in phospholipid membrane composition and/or organization (51) .
Cecropins are some of the best studied cationic antimicrobial peptides, representing a family of highly basic ␣-helical peptides first found in the hemolymph of the giant silk moth Hyalophora cecropia as a response to a bacterial infection (32, 47) . In particular, cecropin A is a 37-amino-acid linear peptide, which consists of a strongly basic N-terminal amphipathic ␣-helical domain connected to a hydrophobic C-terminal ␣-helix by a flexible hinge. Cecropin A displays powerful lytic activity against gram-positive and gram-negative bacteria but has no cytotoxic effects against human erythrocytes and other eukaryotic cells (6, 32, 47) . The basis of this selectivity has been attributed to the absence of acidic phospholipids and presence of sterols in eukaryotic cells (18) . However, major concerns about the use of cecropin A as a pesticide in plant protection are the high production cost of such a long peptide and its sensitivity to protease degradation. Searches for shorter, more potent, nontoxic, and more stable peptides have led to the identification of synthetic peptides with broader and higher activity than their natural counterparts (3, 5, 6, 8, 16, 17, 19, 23, 33, 41, 50) . In particular, the 11-residue sequence WKLFKKI LKVL-NH 2 (Pep3), derived from the well-known cecropin A(1-7)-melittin(2-9) hybrid peptide (8, 17, 23) , is sufficient for antifungal and antibacterial activities (4, 16) .
Reports on the activity of short synthetic cecropin A-melittin hybrid peptides concerning plant-pathogenic microorganisms have been focused mainly on fungal plant pathogens (4, 16) . Studies involving plant-pathogenic bacteria are practically limited to Erwinia carotovora (4). Our current research is oriented to develop new control methods against economically important plant pathogenic bacteria, such as Erwinia amylovora, the causal agent of fire blight of rosaceous plants; Xanthomonas vesicatoria, the cause of bacterial spot of tomato and pepper; and Pseudomonas syringae, the cause of several blight diseases (15, 38, 40) . To date, apart from the antibiotics streptomycin and tetracycline registered in certain countries, no effective method to treat these plant diseases has been described.
The production of antimicrobial peptides by self-defending genetically improved plants constitutes an effective means for improving crop protection against bacterial diseases (42) . However, the use of genetically modified crops is governed by several restrictions in some countries. Therefore, peptide synthesis has been regarded as a useful alternative, but a major concern is the high production cost associated with the preparation of large peptides. Within this context, we were interested in the identification of short synthetic peptides (Յ11 residues) with specific activity against E. amylovora, X. vesicatoria, and P. syringae. In particular, our study was centered on the sequence of Pep3, which shows interesting antibacterial activities, but it has not been tested against the above plantpathogenic bacteria.
In the present study we report the activity of Pep3 and 22 new analogues against the phytopathogenic bacteria E. amylovora, X. vesicatoria, and P. syringae. Analogues were designed based on the ␣-helical wheel diagram of Pep3 and synthesized by the solid-phase method. Circular dichroism (CD) spectroscopy was employed to investigate the secondary structure of the peptides. The main objective was to obtain new peptides with higher bactericidal activity and lower cytotoxic effects and sensitivity to protease degradation than Pep3.
MATERIALS AND METHODS
Peptide synthesis. All peptides listed in Table 1 were synthesized by the solid-phase method using 9-fluorenylmethoxycarbonyl (Fmoc)-type chemistry, tert-butyloxycarbonyl side chain protection for Lys and Trp, and tert-butyl for Tyr. All the Fmoc acid derivatives, reagents, and solvents were obtained from Senn Chemicals International (Gentilly, France). Fmoc-Rink-4-methylbenzhydrylamine resin (0.64 mmol/g; Novabiochem, Darmstadt, Germany) was used as solid support to obtain C-terminal peptide amides and 4-hydroxymethylphenoxypropionic acid polyethylene glycol-polystyrene resin (0.23 mmol/g; Perspective Biosystems, Framingham, Mass.) to synthesize C-terminal peptide acids BP01, BP05, and BP07. Peptides were obtained with Ͼ90% purity by highperformance liquid chromatography (HPLC). Electrospray ionization mass spectrometry was used to confirm peptide identity.
Bacterial strains and growth medium. The following plant-pathogenic bacterial strains were used: E. amylovora PMV6076 (Institut National de la Recherche Agronomique, Angers, France), P. syringae pv. syringae EPS94 (Institut de Tecnologia Agroalimentària, Universitat de Girona, Spain) and X. vesicatoria 2133-2 (Instituto Valenciano de Investigaciones Agrarias, Valencia, Spain). All bacteria were stored in liquid LB medium supplemented with glycerol (20%) and maintained at Ϫ80°C. E. amylovora PMV6076 and P. syringae pv. syringae EPS94 were scraped from LB agar after growth for 24 h and X. vesicatoria 2133-2 was scraped after 48 h at 25°C. The cell material was suspended in sterile water to obtain a suspension of 10 8 CFU ml Ϫ1 .
Antimicrobial activity. Lyophilized peptides were solubilized in sterile Milli-Q water to a final concentration of 1,000 M and filter sterilized through a 0.22-m-pore-size filter. For MIC assessment, dilutions of the synthetic peptides were made to obtain final concentrations of 750, 500, 250, 200, 150, 125, 100, 75, 50, and 25 M. For cecropin A, the concentrations were 250, 200, 150, 125, 100, 75, 50, 25, 12.5, 6.25, and 3.12 M. Twenty microliters of each dilution was mixed in each well of a microtiter plate with 20 l of the corresponding suspension of the bacterial indicator, 160 l of tryptic soy broth (BioMèrieux, France), to a total volume of 200 l. Two replicates for each strain, peptide, and concentration were used. Positive controls contained water instead of peptide, and negative controls contained peptides without bacterial suspension. Microbial growth was automatically determined by optical density measurement at 600 nm (Bioscreen C; Labsystem, Helsinki, Finland). Microplates were incubated at 25°C with 20 s of shaking before hourly absorbance measurements for 48 h. The experiment was repeated twice. 
a Boldfaced letters indicate the modifications introduced into the Pep3 sequence. Ac, acetyl; Ts, tosyl; Bz, benzoyl; Bn, benzyl; Pam, palmitoyl. b Determined in 50% trifluoroethanol in 10 mM sodium phosphate buffer (pH 7.4). c ND, not determined.
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The MIC was defined as the lowest peptide concentration with no growth at the end of the experiment. Since it may be that certain compounds have the same MIC but different inhibition-dose relationships, an additional parameter, the 50% effective dose (ED 50 ), was determined for the measurement of activity. Growth was measured as the area under the curve. Inhibition of growth (I) was calculated as a percentage of the positive control using the following equation: I ϭ 100 ϫ [(AC Ϫ AS)/AC], where AC is the area under the curve of the control, and AS is the area under the curve of a given peptide concentration.
The ED 50 is the concentration required to obtain 50% inhibition of growth and was calculated from the inhibition-dose data for each peptide. Inhibition data were fitted to the probit-dose model (20, 36) . The equation of the probitdose model is as follows: y ϭ ø{[log 10 (x) Ϫ ]/}, where y is the proportion of inhibition, x is the peptide concentration, ø denotes the cumulative distribution function for the standard normal, is a parameter equivalent to ED 50 , and is the peptide efficiency.
Regression and parameter estimation were performed by a nonlinear leastsquares method using the NLIN procedure of the PC-Statistical Analysis System, version 8.2 (SAS Institute Inc., Cary, NC).
Analysis of bactericidal activity. The bactericidal activity of peptides was determined for the reference peptide Pep3 and the analogues BP11, BP15, BP33, and BP76. LB broth-grown cultures of E. amylovora, P. syringae, and X. vesicatoria inoculated at 4 ϫ 10 6 CFU ml Ϫ1 were incubated in a 5 M concentration of the corresponding peptide. Aliquots of 500 l were removed at 30-min intervals during 3 h and diluted 10-fold, and the dilutions were plated on LB agar plates. The CFU were counted after a 48-h incubation at 25°C. Values were expressed as percentages of survival from the start of the experiment. Hemolytic activity. The hemolytic activity of the peptides was evaluated by determining hemoglobin release from erythrocyte suspensions of fresh human blood (5%, vol/vol). Blood was aseptically collected using a BD Vacutainer K2E system with EDTA (Belliver Industrial State, Plymouth, United Kingdom) and stored for less than 2 h at 4°C. Blood was centrifuged at 6,000 ϫ g for 5 min, washed three times with Tris buffer (10 mM Tris, 150 mM NaCl, pH 7.2) and diluted with Tris buffer. Peptides were solubilized in Tris buffer to final concentrations of 800, 400, 200, 100, 50, 25, and 12.5 M. Fifty microliters of human red blood cells was mixed with 50 l of the peptide solution and incubated under continuous shaking for 1 h at 37°C. Then, the tubes were centrifuged at 3,500 ϫ g for 10 min. Eighty-microliter aliquots of the supernatant were transferred to 100-well microplates (Bioscreen) and diluted with 80 l of Milli-Q water. Hemolysis was measured as the absorbance at 540 nm with a Bioscreen plate reader. Complete hemolysis was determined in TRIS buffer plus melittin (Sigma-Aldrich Corporation, Madrid, Spain) as a positive control. The percentage of hemolysis (H) was calculated using the following equation: To analyze dose-response relationships in hemolysis, the 50% hemolytic dose (HD 50 ) was determined following the procedure previously described for the analysis of antibacterial activity.
Susceptibility to protease degradation. Digestion of Pep3, BP08, BP09, BP10, BP15, BP20, BP33, and BP76 by proteinase K (Sigma-Aldrich Corp., Madrid, Spain) was carried out by treating 50 g/ml peptide with 1 g/ml proteinase K in 100 mM Tris buffer, pH 7.6, at room temperature. The peptide cleavage after 5, 10, 15, 30, and 45 min was monitored by HPLC using a Kromasil (4.6-by 40-mm column; 3.5-m particle size) C 18 reverse-phase column. Linear gradients of 0.1% aqueous trifluoroacetic acid and 0.1% trifluoroacetic acid in CH 3 CN were run from 0.98:0.02 to 0:1 over 7 min with UV detection at 220 nm. Digestion was estimated as the percentage of degraded peptide calculated from the decrease of the HPLC peak area of the native peptide.
CD spectroscopy. CD measurements were obtained using a Jasco spectropolarimeter (J-810; Easton, MD) at 25°C. Spectra were obtained in a fused quartz cell with 1-mm path length over a wavelength range of 190 to 250 nm at 0.1-nm intervals, 50 nm/min speed, 0.5-s response time, and 1-nm bandwidth. Peptides were dissolved to a 100 M concentration in 50% (vol/vol) trifluoroethanol in 10 mM sodium phosphate buffer at pH 7. , corresponding to 0 and 100% helix content at 222 nm, were estimated to be Ϫ2,000 and Ϫ30,000 (degrees ϫ cm 2 dmol
Ϫ1
), respectively (33).
RESULTS

Design of peptides.
Primary structures of Pep3 analogues reported here are shown in Table 1 . All peptides were prepared as C-terminal amides except BP01, BP05, and BP07. Analogues BP08 to BP12 were blocked at the N termini with an acetyl, tosyl, benzoyl, benzyl, or palmitoyl group, respectively. To examine whether the entire sequence of Pep3 is necessary for its full antibacterial activity, N-and C-terminal deletion analogues (BP02 to BP07) were synthesized. Analogues BP13 to BP20, BP33, and BP76 were designed based on the ideal ␣-helical wheel diagram of Pep3 (Fig. 1) . We investigated the effect of individually replacing tryptophan and valine residues with amino acids possessing various degrees of hydrophobicity and hydrophilicity. Thus, tryptophan was replaced with Phe (BP13), Tyr (BP14), Lys (BP15), or Leu (BP33). Valine was replaced with Lys (BP17), Trp (BP18), Phe (BP19), or Tyr (BP20). Tryptophan and valine were replaced with Lys and Phe, respectively (BP76). The hydrophilic surface area of Pep3 was further increased by replacing both tryptophan and valine residues with Lys (BP16).
Antibacterial activity. The peptides synthesized were tested for antibacterial activity against E. amylovora, P. syringae, and X. vesicatoria. Results obtained are shown in Table 2 . Pep3, which has not been previously tested against these bacteria, inhibited the growth of all three pathogens. The ED 50 values of the peptide were in the range of 3.6 to 5.5 M. The Cterminal peptide acid derivative BP01 was significantly less active than Pep3, and the N-and C-terminal deletion analogues (BP02 to BP07) were inactive against these pathogens (data not shown).
Except for the N-palmitoylated peptide BP12, derivatization of the N terminus of Pep3 produced peptides (BP08 to BP11) with significant biological activity, with ED 50 values ranging from 2 M to 15.1 M. The N-benzylated analogue BP11 was the most inhibitory peptide within this group and slightly better than Pep3 (ED 50 Double replacement of Trp and Val with Lys and Phe (BP76), respectively, also led to a significant increase of the antibacterial activity compared to Pep3 (ED 50 of 1.9 to 2.5 mM). In contrast, BP16, which possesses two Lys residues instead of Trp and Val residues, was not active (data not shown).
MICs of these cecropin A-derived peptides were also determined (Table 2 ) and were in good agreement with the ED 50 values. In general, X. vesicatoria was more sensitive to each of the peptides than were the other two bacteria. Complete inhibition of X. vesicatoria was observed at 2 M for peptides BP09, BP10, BP18, and BP19. On the basis of MICs, BP15, BP20, and BP76 were the most potent peptides against P. syringae (MIC of 2 to 5 M), and the MICs of BP20 and BP76 were the lowest against E. amylovora (MIC of 2 to 5 M).
Since some of the analogues synthesized showed similar antibacterial activity against the bacterial strains tested, we evaluated their bactericidal activity by comparing the time course to kill mid-logarithmic-phase culture suspensions of E. amylovora, P. syringae, and X. vesicatoria. As shown in Fig. 2 , at the concentration tested, all the peptides had a slower bactericidal effect against P. syringae than against the other two pathogens, except for BP11, which had no effect on E. amylovora. BP15 showed higher bactericidal activity against E. amylovora than Pep3 and similar bactericidal activity against P. syringae and X. vesicatoria. Notably, BP76 was the peptide with the highest bactericidal effect against E. amylovora and X. vesicatoria. Its activity against X. vesicatoria was Susceptibility to proteolysis. The susceptibility of some peptides to proteolysis was studied by exposure to proteinase K and monitoring the degradation by reverse-phase HPLC over time (Fig. 3) . Pep3, BP15, BP33, and the N-terminal derivatized peptides BP08 to BP10 showed similar stabilities. Interestingly, BP76 turned out to be twofold more stable than Pep3. While Pep3 was completely degraded after 45 min of incubation with the enzyme, BP76 underwent only a 50% degradation.
␣-Helical structures determined by CD. We investigated the secondary structures of the 11-residue peptides which showed the highest biological activity by analyzing their CD spectra in 50% (vol/vol) trifluoroethanol in 10 mM sodium phosphate buffer at pH 7.4. The ␣-helical contents obtained are listed in Table 1 . The spectra of all peptides were characteristic of a typical ␣-helical conformation with two negative minimum bands at 208 and 222 nm. Results showed that Pep3 and its analogues have a moderate ␣-helical content (23.1 to 37.8%).
DISCUSSION
Despite the existence of natural potent antimicrobial peptides (e.g., magainins and cecropins), a search for more potent and shorter peptides with a broader spectrum of activity has led to the identification of highly potent synthetic peptides. Several design strategies have been devised in order to develop new compounds with maximum antimicrobial activity and minimum cytotoxicity. For instance, juxtaposition of the N-terminal sections of cecropin A and melittin has resulted in hybrids with better antimicrobial spectra than the parent peptide cecropin A and less hemolytic activity than melittin. In particular, Pep3, an 11-mer peptide corresponding to cecropin A(2-8)-melittin (6) (7) (8) (9) , is effective as a bactericidal and fungicidal (4, 16) agent.
In the present work, we have evaluated the biological activity of Pep3 against E. amylovora, X. vesicatoria, and P. syringae.
Although antimicrobial peptides have been tested against these pathogens (2, 39) , to the best of our knowledge, inhibition of these bacteria by Pep3 or short synthetic peptides (Յ11 residues) has not been previously reported. Our results showed that Pep3 inhibits growth of these plant-pathogenic bacteria at low micromolar concentrations (MIC of Ͻ10 M).
Using Pep3 as a template, we have synthesized new analogues with improved biological properties. Inhibitory concentrations of peptides for the different bacteria varied significantly, with X. vesicatoria being the most susceptible pathogen. These results are in agreement with previous reports, which showed that X. vesicatoria was more susceptible than P. syringae and E. carotovora to peptides such as MII, MSI-99, and cecropin B (2). These different levels of susceptibility of bacteria to peptides with different amino acid sequences have been attributed to variation in the components of the plasma membranes of the target microorganism, e.g., charge and lipid composition, which would influence rates of binding of cationic peptides to the membranes (31) .
The mechanism of action of antimicrobial peptides against gram-negative bacteria is thought to involve first the so-called "self-promoted uptake" pathway across the outer membrane (45) . Then, cationic peptides interact with the negatively charged phospholipids of the inner membrane, followed by either channel formation or simple membrane disruption (7, 9, 11, 25, 29, 46, 49) . Since the 11-residue hybrid peptide Pep3 is not long enough to span the entire width of the membrane, a "carpet-like" mechanism seems more plausible. In such a mechanism, peptides first lie parallel to the surface of the phospholipid bilayer with their hydrophobic sides facing the membranes and their cationic sides facing outside, and this is followed by membrane permeation/disintegration once a threshold concentration is reached (46) . Therefore, it appears that the ability to adopt an amphipathic structure is important for activity of this type of peptide. Other parameters that modulate the activity are the degree of structure formation, the net positive charge, and the overall hydrophobicity. It has been shown that the accomplishment of these structural parameters is not stringently necessary for activity against several gramnegative bacteria, but rather a good balance between them is required. In the design of short peptides, a fine-tuning of charge, helix-forming propensity, an adequate hydrophobicity, and, in particular, the number of aliphatic residues, is even more important (24) .
The design of the peptides in the present work was based on the above-mentioned rationale. The amphipathic character of Pep3 becomes evident when it is represented as an ideal ␣-helix by means of an Edmunson wheel plot. Accordingly, analogues BP13 to BP20, BP33, and BP76 were designed based on this ideal ␣-helical wheel diagram. Replacement of amino acids located at the interface, e.g., Trp and Val, with residues with various degrees of hydrophilicity and hydrophobicity, resulted in great changes in antibacterial activity. Replacement of Trp in Pep3 with Phe or Tyr and acetylation, benzoylation, or tosylation of the N terminus of Pep3 decreased antibacterial activity, whereas replacement of Trp with Leu or Lys or benzylation induced a slight increase in the overall activity. Replacement of Val with hydrophobic aromatic residues afforded peptides considerably more active than Pep3 (BP18 to BP20), but when a Lys was incorporated, no activity was observed (BP17). Double replacement of both Trp and Val with Lys and Phe (BP76), respectively, induced a significant increase of antibacterial activity, whereas an increase in the size of the hydrophilic face by incorporation of two Lys residues (BP16) resulted in complete loss of activity. Consequently, structural features that seem to be important for the antibacterial activity are a basic N terminus and a hydrophobic C terminus. In contrast to antibacterial activity that was dramatically influenced by single-or double-residue replacement, the ␣-helical content of peptides was not significantly affected.
As previously described with other cationic peptides (25, 28) and unlike conventional antibiotics that in many cases are bacteriostatic, Pep3, BP11, BP15, BP33, and BP76 showed a bactericidal effect against the three bacteria tested at concentrations around the MIC.
Peptide cytotoxicity was also strongly influenced by the nature of the amino acid replacement in Pep3. Replacement of Trp in Pep3 with a cationic residue such as Lys produced the less hemolytic peptides BP15 and BP76. In contrast, derivatization of the N terminus of Pep3 or replacement of Val with more hydrophobic residues resulted in peptides with higher cytotoxicity. This result is in accordance with previous studies on antimicrobial peptides reporting that an increase in the peptide hydrophobicity is shown to be related to an increase in cytotoxicity (41) . This selectivity has been attributed to the differences in membrane lipid composition between bacteria and mammalian cells. The absence of acidic phospholipids and presence of sterols reduce the susceptibility of eukaryotic cells to lytic peptides (35) . Moreover, replacement of Trp with an aliphatic amino acid such as Leu (BP33) also led to a decrease in hemolytic activity. Peptides containing tryptophan residues have been previously reported to display high hemolytic activity, which has been attributed to the ability of tryptophan to assume a defined orientation when binding to cholesterol (10) .
The peptides reported here are comparable in terms of activity to antibiotics, such as streptomycin, used in agriculture for bacterial disease control with an in vitro activity of 2 to 9 M and operational doses for field treatment of around 100 M. In the case of the best peptides described here, these concentrations are not expected to present toxic effects in regard to the HD 50 .
Protease digestion stability is a desired property in antimicrobial peptides to assure a reasonable half-life of the molecules in the plant environment. Proteases from epiphytic microorganisms or intrinsic to the plant in internal tissues may degrade antimicrobial peptides (4, 16) . Again, certain replacements of amino acids in Pep3 had a strong influence in susceptibility to protease digestion. N-terminal derivatization or single residue replacement did not improve the stability of Pep3. In contrast, double replacement of both Trp and Val with Lys and Phe, respectively, was associated with an important increase in peptide stability. The double replacement for natural amino acids were equivalent to methods commonly used to increase peptide stability such as replacement of a natural amino acid with a D-amino acid or peptide cyclization (30, 44) .
In conclusion, we have obtained peptides effective against E. amylovora, X. vesicatoria, and P. syringae. Moreover, we have improved the bactericidal activity and minimized cytotoxic effects and sensitivity to protease degradation of the previously described antimicrobial peptide Pep3. Therefore, these peptides might be considered as potential lead compounds for the development of antimicrobial agents for use in plant protection either as pesticide ingredients or as agents expressed in transgenic plants. Optimization of their antimicrobial properties by combinatorial chemistry and ex vivo and in vivo studies are currently in progress.
